The accurate trafficking of AMPA receptors (AMPARs) to and from the synapse is a critical component of learning and memory in the brain, whereas dysfunction of AMPAR trafficking is hypothesized to be an underlying mechanism of Alzheimer's disease. Previous work has shown that ubiquitination of integral membrane proteins is a common posttranslational modification used to mediate endocytosis and endocytic sorting of surface proteins in eukaryotic cells. Here we report that mammalian AMPARs become ubiquitinated in response to their activation. Using a mutant of GluA1 that is unable to be ubiquitinated at lysines on its C-terminus, we demonstrate that ubiquitination is required for internalization of surface AMPARs and their trafficking to the lysosome in response to the AMPAR agonist AMPA but not for internalization of AMPARs in response to the NMDA receptor agonist NMDA. Through overexpression or RNA interference-mediated knockdown, we identify that a specific E3 ligase, Nedd4-1 (neural-precursor cell-expressed developmentally downregulated gene 4-1), is necessary for this process. Finally, we show that ubiquitination of GluA1 by Nedd4-1 becomes more prevalent as neurons mature. Together, these data show that ubiquitination of GluA1-containing AMPARs by Nedd4-1 mediates their endocytosis and trafficking to the lysosome. Furthermore, these results provide insight into how hippocampal neurons regulate AMPAR trafficking and degradation with high specificity in response to differing neuronal signaling cues and suggest that changes to this pathway may occur as neurons mature.
Introduction
Changes in synaptic strength are believed to be the basis of learning and memory. These alterations in neuronal communication are controlled in part by the insertion or removal of AMPA receptors (AMPARs) from the postsynaptic membrane of excitatory synapses. Regulation of AMPAR trafficking to and from the plasma membrane can occur through the C-terminal tails of AMPARs, either through interactions with other proteins or changes in phosphorylation (Malinow and Malenka, 2002; Derkach et al., 2007) . When surface AMPARs are internalized, subunit-specific interactions with other proteins and changes in their phosphorylation status allow for their recycling and functional insertion into the plasma membrane (Hirling, 2009) . Alternatively, AMPARs have been shown to traffic to the lysosome by a distinct pathway, although the mechanisms regulating this process are not well understood (Ehlers, 2000; Lin et al., 2000; Kessels et al., 2009) .
The ubiquitin-proteasome system is a highly regulated proteolytic pathway that mediates a majority of protein degradation in eukaryotic cells (Hershko and Ciechanover, 1998) . However, many studies have shown that ubiquitination can also serve as an endocytosis signal for plasma membrane proteins (Hicke and Dunn, 2003) . Although it is not completely understood why ubiquitinated plasma membrane proteins often avoid degradation by the proteasome, one hypothesis is that differing structures of the attached ubiquitin chains can be a factor (Ikeda and Dikic, 2008) . Regardless, protein ubiquitination is a highly selective process, dependent on the high specificity E3 ligases, the molecules responsible for attaching ubiquitin to proteins, have for their target substrates (Hershko and Ciechanover, 1998; Nalepa et al., 2006) .
The Nedd4 (neural-precursor cell-expressed developmentally downregulated gene 4) family of ubiquitin ligases are HECT (homology to E6-AP carboxy terminus) E3 ligases originally identified by their high expression in the embryonic mouse CNS (Kumar et al., 1997; Kamynina et al., 2001) . The yeast homolog of Nedd4-1, Rsp5p, is thought to be the primary E3 ligase in yeast responsible for mediating the endocytosis and endocytic sorting of many plasma membrane proteins (Rotin et al., 2000) . More recently, many neuronal proteins have been found to be ubiquitinated by Nedd4 family ligases to control their endocytosis and endocytic sorting (Kamynina et al., 2001; Fotia et al., 2004; Aré-valo et al., 2006; Sorkina et al., 2006; Ekberg et al., 2007; Jespersen et al., 2007; Miranda et al., 2007) . It is therefore plausible that Nedd4-1 may play an important role in neuronal function by controlling the endocytosis and endocytic sorting of specific synaptic proteins.
Here we report that mammalian GluA1-containing AMPARs are ubiquitinated on C-terminal lysines to mediate their internal-ization and trafficking to the lysosome in an agonist-dependent manner. This endocytosis and endocytic sorting is mediated by the E3 ligase Nedd4-1. Overexpression of Nedd4-1 causes a loss of surface GluA1-containing AMPARs and promotes their accumulation in the lysosome, whereas RNA interference (RNAi)-mediated knockdown of Nedd4-1 blocks AMPA-but not NMDA-induced ubiquitination and internalization of GluA1-containing AMPARs. These results demonstrate that ubiquitination of AMPARs is a distinct mechanism by which neurons can regulate surface populations and endosomal sorting of AMPARs in the hippocampus.
Materials and Methods
Antibodies and reagents. Antibodies were obtained as follows: polyclonal antibody (pAb) GluA1, pAb GluA2, and pAb Nedd4-1 (Millipore Corporation), pAb surface (N-terminal) GluA1 (Calbiochem), monoclonal antibody (mAb) ubiquitin (P4D1) and pAb green fluorescent protein (GFP) (Santa Cruz Biotechnology), anti-GFP secondary antibody (Invitrogen) , mAb hemagglutinin (HA) (Covance), pAb actin (Cytoskeleton Inc.), mAb Lamp1 (Stressgen), mAb T7 (Sigma), AMPA, NMDA, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), DL-2-amino-5-phosphonopentanoic acid (APV) (Tocris Bioscience), Brefeldin A (BFA) (Invitrogen), N-ethylmaleimide (NEM) and leupeptin (Sigma), and MG-132 (Z-Leu-Leu-Leu-CHO) (Biomol).
Hippocampal cultures. Rat dissociated hippocampal or hippocampal and cortical cultures from postnatal day 1 were plated onto poly-Dlysine-coated coverslips, 35 mm dishes (Mattek), or six-well plastic dishes and maintained in B27 supplemented Neurobasal media (Invitrogen) until days in vitro (DIV) 14 -38.
Immunoprecipitations. Rat hippocampal tissue or hippocampal cultures were homogenized in precipitation buffer (in mM: 150 NaCl, 10 Na 2 HPO 4 , and 2 EDTA) with 1% Triton X-100 and 0.1-0.2% SDS, 25 M MG-132, 25 mM NEM, and protease inhibitors. HEK293T cells were lysed in radioimmunoprecipitation assay buffer plus 1% BSA with 25 M MG-132, 25 mM NEM, and protease inhibitors. Homogenates were cleared by centrifugation at 14,000 rpm at 4°C. For immunoprecipitations (IPs), cleared lysates were incubated with primary antibodies at 4°C overnight, after which protein A or protein A/G Sepharose beads were added for an additional 2 h (Pierce). Immunoprecipitations from neurons were repeated three to eight times. Immunoprecipitations from HEK293T cells were repeated two to four times. For all immunoprecipitations from transfected cells, equal protein expression was verified in cell lysates by Western blot. For quantification of Western blots, protein band mean intensities were calculated using NIH ImageJ. For Western blots measuring protein ubiquitination, ubiquitin band mean intensities were divided by the mean intensities of the corresponding immunoprecipitated receptor. Ubiquitination values from treated IPs were normalized to values from control IPs. For Western blots measuring GluA1 levels, the GluA1 band mean intensity in each condition was normalized to the actin band mean intensity from the same sample.
Transfections and infections. HEK293T cells, maintained in DMEM plus 10% serum and penicillin/streptomycin, were transfected with Lipofectamine 2000 (Invitrogen) or polyethyleneimine (Polysciences) using recommended protocols. Hippocampal cultures were infected with Sindbis virion at DIV15-19 and allowed to express for 18 -22 h. For RNAi experiments, hippocampal cultures were transfected with Lipofectamine 2000 at DIV10 and expressed the RNAi constructs for 4 -5 d or were infected with lentivirus expressing the RNAi constructs for 5 d. Viral titer and transduction efficiency were monitored for all viruses made to ensure equal expression of constructs.
DNA constructs. GFP-GluA1 obtained from R. Malinow (University of California, San Diego, La Jolla, CA) was mobilized in pcDNA3.1(Ϫ) vector. GluA1-4KR (GluA1 mutant with all C-terminal lysines changed to arginines), the catalytically-inactive version of Nedd4-1 (Nedd4-1 CS), and a version of Nedd4-1 that was resistant to RNAi-mediated knockdown (Nedd4-1resist) were created using PCR site-directed mutagenesis. All point mutations were verified by sequencing. For Sindbis viral expression, genes were cloned into the Sindbis virus vector SinRep5.
For lentiviral expression, an H1 promoter and RNAi sequence were cloned into the FG-12 vector expressing GFP. HA-Nedd4-1 and HA-Cbl plasmids were purchased from Addgene DNA Depository. HA-E6-AP was obtained from P. Howley (Harvard University, Cambridge, MA), T7-Nedd4-1 was obtained from D. Rotin (Sick Kids, Toronto, ON, Canada), myc-NR1-1a and GFP-GluA2 was obtained from A. Ghosh (University of California, San Diego, La Jolla, CA), and yellow fluorescent protein-Nedd4 -2 was obtained from S. Polo (Italian Foundation for Cancer Research Institute, Milan, Italy).
Surface live labeling and endocytosis. Dissociated hippocampal neurons (DIV15-20) or HEK293T cells were live labeled with anti-GFP secondary or anti-GluA1 antibodies for 15 min at 37°C and then washed with PBS-MC (1ϫ PBS, 1 mM MgCl 2 , and 0.1 mM CaCl 2 ). Cells were then fixed for 5-10 min with 4% paraformaldehyde/4% sucrose at room temperature. Surface GluA1 receptors were then labeled with secondary Alexa Fluor antibodies (Invitrogen) in PBS-MC containing 2% BSA. For endocytosis experiments, cells were pretreated with TTX (2 M) for 1 h before surface labeling. After surface labeling, cells were washed with PBS and replaced with conditioned media containing either vehicle or AMPA (100 M) and APV (25 M), or NMDA (25 M) for 10 -15 min at 37°C. Cells were then washed with PBS-MC and fixed. Surface receptors were labeled with untagged secondary antibodies in PBS-MC before the cells were permeabilized with PBS-MC, 2% BSA, and 0.2% Triton X-100 for 20 min. The internalized receptors were labeled with fluorophore-conjugated secondary antibodies. For endocytosis experiments involving costaining with Lamp1 antibody, cells were permeabilized in PBS containing 2% NGS, 1% BSA, and 0.1% saponin for 1 h at room temperature. For endocytosis experiments, the fluorescence from the GluA1-N-terminal GFP molecule was negligible after fixation because its fluorescence was determined to be detectable only at exposure times 10 times greater than those used to detect antibody-labeled GFP.
Colocalization. To quantify the amount of internalized GluA1 immunofluorescence colocalized with Lamp1 immunostaining, images of Lamp1-labeled dendrites were converted to thresholded masks using NIH ImageJ. Thresholded images of internalized GluA1-labeled dendrites were pasted over these masks, and the remaining intensity of internalized GluA1 signal was quantified. To verify that colocalization was specific, colocalization between internalized GluA1 and Lamp1 in Nedd4-1 ϩ leupeptin cells was calculated as described above in which Lamp1 staining was first randomized by rotating the image 180°before creating a mask.
RNAi. To knock down expression of Nedd4-1 in hippocampal neurons, the oligo GCCACAAATCAAGAGTTAA was synthesized and inserted into the pSuper-eGFP vector or the FG-12 vector. A scramble oligo (GCAGACAAACCTATGAATA) was also created. Dissociated neuronal cultures were transfected with pSuper-Nedd4-1 or infected with FG-12-Nedd4-1 RNAi at DIV10 or DIV31, and experiments were conducted 4 -5 d later. To create Nedd4-1resist, six silent point mutations were introduced into T7-Nedd4-1 using PCR mutagenesis into the region targeted by RNAi.
Electrophysiology of dissociated hippocampal neurons. For whole-cell recordings of miniature EPSCs (mEPSCs) from GFP, GFP ϩ Nedd4-1 wild-type (WT), GFP ϩ Nedd4-1 CS, and small hairpin RNA (shRNA)-expressing hippocampal neurons, cells were perfused at room temperature in a bicarbonate-buffered recording solution containing the following (in mM): 124 NaCl, 5 KCl, 26 NaHCO3, NaH 2 PO 4 , 2 MgCl2, 3 CaCl2, 0.5 TTX, 20 picrotoxin, and 10 glucose (bubbled constantly with 95% O 2 /5% CO 2 ). The electrode recording solution contained the following (in mM): 10 CsCl, 105 CsMeSO 3 , 0.5 ATP, 0.3 GTP, 10 HEPES, 5 glucose, 2 MgCl 2 , 1 EGTA, and 0.2 QX-314 [2(triethylamino)-N-(2,6-dimethylphenyl) acetamine], pH 7.3. Electrode resistances ranged from 4 to 7 M⍀, and access resistances ranged from 10 to 25 M⍀ and were monitored for consistency throughout the recordings. Cells with a leak current Ͼ100 pA were excluded from analysis. Signals were amplified, filtered to 2 or 5 kHz, and digitized at 10 kHz sampling frequency. Holding potential for all traces was Ϫ65mV. All recordings were taken from time points after mEPSC frequency and amplitude had reached steady state, Ͼ10 min after perfusion of TTX and picrotoxin. mEPSCs were analyzed using custom software in Igor Pro or MiniAnalysis.
Confocal microscopy and image analysis. All images were taken with a Leica DMI6000 inverted microscope outfitted with a Yokogawa Nipkon spinning disk confocal head, an Orca ER high-resolution black and white cooled CCD camera (6.45 m/pixel at 1ϫ), Plan Apochromat 40ϫ/1.25 numerical aperture and 63ϫ/1.4 numerical aperture objective, and an argon/krypton 100 mW air-cooled laser for 488/ 568/647 nm excitations. All images were acquired in the dynamic range of 8-bit or 12-bit acquisition. Maximum projected confocal Z-stacks were analyzed with NIH ImageJ. For experiments analyzing surface or internalized GFP or GluA1 immunofluorescence, images were background subtracted and thresholded equally, and the integrated density of each puncta was measured using a modified NIH ImageJ particle analysis macro. The average particle integrated density for each cell was normalized to cell size. This raw data value for each cell was divided by the average raw data value of untreated control cells to obtain a normalized value. Values from the same treatments over multiple experiments were then combined and averaged.
Statistical analysis. Two-tailed unpaired Student's t test with an ␣ ϭ 0.05 or ANOVA with Tukey's or Fisher's least significant difference post hoc analysis was used for determining statistical significance. p Ͼ 0.05 was considered not significant.
Results
AMPARs undergo activity-mediated ubiquitination Activation of AMPARs has been shown to induce their endocytosis and subsequent trafficking into endosomal/lysosomal sorting pathways in hippocampal neurons (Ehlers, 2000; Lin et al., 2000; Lee et al., 2004) . Because ubiquitination is a well studied posttranslational modification that mediates endocytosis and endocytic sorting of surface receptors, we asked whether activation of AMPARs induced their ubiquitination. To examine this, we treated dissociated neuronal cultures (older than DIV14) with AMPA (100 M, 10 min), an AMPAR agonist, and immunoprecipitated the resulting lysates with anti-GluA1 antibodies. The IPs were resolved by SDS-PAGE, transferred to nitrocellulose, and probed with anti-ubiquitin antibodies. We found that AMPA caused GluA1 to be ubiquitinated (5.0 Ϯ 0.60 for AMPA to 1 Ϯ 0.23 for control) ( Fig. 1 A, B ). Significant increases in ubiquitination were not observed for the AMPAR GluA2 subunit (2.1 Ϯ 0.49 for AMPA to 1 Ϯ 0.40 for control) or the NMDA receptor (NMDAR) NR1 subunit (1.2 Ϯ 0.15 for AMPA to 1 Ϯ 0.21 for control), suggesting that AMPA-induced ubiquitination occurs primarily on the GluA1 subunit. To ensure preferential enrichment of GluA1 in the IPs, a buffer containing high amounts of detergents (1% Triton X-100, 0.2% SDS) was used to aid the dissociation of AMPAR tetramers and other associated postsynaptic density proteins. Quantification of the amount of GluA1 or GluA2 in the GluA1-and GluA2-specific IPs showed enrichment for those specific subunits (1 Ϯ 0.07 GluA1 to 0.6 Ϯ 0.04 GluA2 in GluA1 IPs; 1 Ϯ 0.07 GluA2 to 0.4 Ϯ 0.05 GluA1 in GluA2 IPs) (Fig. 1C) . Also, a silver stain of the GluA1 IP showed isolation of a single band that migrated at the predicted size of GluA1 (ϳ117 kDa), with only moderate amounts of another unidentified protein visible (ϳ80 kDa) plus antibody heavy chain (ϳ55 kDa) (supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material). On lower exposures of the Western blot probed with anti-GluA1 antibody, the majority of immunoprecipitated GluA1 appears to be unmodified based on size. However, during higher exposures, high molecular GluA1 reactivity is visible at the size predicted for ubiquitinated GluA1 in AMPAtreated IPs but is absent from untreated IPs (supplemental Fig.  1 A, available at www.jneurosci.org as supplemental material). The ubiquitin immunoreactivity was specific, because exposing the ubiquitin antibody to ubiquitin-bound agarose before probing the Western blot resulted in a loss of ubiquitin immunoreactivity (supplemental Fig. 1 B, available at www. jneurosci.org as supplemental material). Together, these results suggest that the ubiquitination visible by Western blot after application of AMPA occurs on the GluA1 subunit. After AMPA stimulation, ubiquitinated GluA1 consistently appeared as two distinct bands slightly larger in size than unmodified GluA1 on Western blots. This suggests that GluA1 is ubiquitinated by single ubiquitin molecules or short ubiquitin chains that cause a modest shift in GluA1 molecular weight. To estimate the molecular weight size of this population of GluA1, we plotted the electrophoretic mobilities of the molecular weight standards from each Western blot against their known molecular weights as described previously (supplemental Fig. 1C -E, available at www.jneurosci. org as supplemental material) (Weber and Osborn, 1969) . After deriving a logarithmic trend line through these points, we used the resulting trend line equation to calculate the predicted size of the two main ubiquitinated GluA1 bands based on their electrophoretic mobility (supplemental Fig. 1 D, available at www. jneurosci.org as supplemental material). The estimated size of these bands was found to be highly similar over multiple experiments. The ubiquitinated GluA1 band immediately above un- modified GluA1, called GluA1-Ub3, was estimated to be 24 kDa larger than GluA1 (supplemental Fig. 1 E, available at www. jneurosci.org as supplemental material). Because ubiquitin is ϳ8 kDa, we hypothesize that this band represents GluA1 with three ubiquitin molecules attached. A slightly larger ubiquitinated GluA1 band, called GluA1-Ub4, was estimated to be 33 kDa larger than unmodified GluA1, suggestive of GluA1 with four ubiquitin molecules attached. These ubiquitin molecules could be attached to distinct lysine residues of GluA1 or combined to form short ubiquitin chains. Together, these findings indicate that application of AMPA induces the ubiquitination of the GluA1 subunit of AMPARs.
It was reported previously that, in response to AMPA, AMPARs were endocytosed and targeted to the lysosome for degradation (Ehlers, 2000) . However, because ubiquitination of certain proteins can mediate their degradation by the proteasome, we confirmed that application of AMPA caused AMPAR degradation by the lysosome and not the proteasome. Total GluA1 in neuronal cultures decreased with increased exposure to AMPA (100 M, 5-60 min) (supplemental Fig. 2 A, B , available at www. jneurosci.org as supplemental material). This loss was not blocked by coapplication of the proteasomal inhibitor MG-132 (25 M) but was blocked by the lysosome inhibitor leupeptin (200 g/ml). Therefore, application of AMPA induces the ubiquitination and endocytosis of GluA1, as well as its trafficking to the lysosome for degradation.
Ubiquitination of AMPARs is dependent on AMPAR activation and calcium
Previous work has suggested that the relative activation of AMPARs by direct or indirect stimuli differentially manipulates their endocytosis and endocytic sorting (Beattie et al., 2000; Ehlers, 2000; Lin et al., 2000) . To determine whether GluA1 ubiquitination was specific to AMPAR activation, we treated neuronal cultures with AMPA in the presence of the AMPAR antagonist CNQX (40 M, 30 min). We found that CNQX significantly attenuated GluA1 ubiquitination (4.5 Ϯ 0.61 for AMPA and 2.5 Ϯ 0.53 for CNQX ϩ AMPA) (Fig. 2 A, B) . In contrast, blocking NMDARs with the NMDAR antagonist APV (50 M, 30 min) had no effect on AMPA-induced ubiquitination of GluA1 (4.5 Ϯ 0.61 for AMPA and 5.0 Ϯ 0.89 for APV ϩ AMPA). Furthermore, stimulating NMDARs directly with the agonist NMDA (25 M, 10 min) did not induce GluA1 ubiquitination (1.7 Ϯ 0.51 for NMDA). This indicates that NMDAR activation is not sufficient for AMPAR ubiquitination. Finally, removing calcium, a key regulator of many synaptic signaling pathways, from the cell media before application of AMPA completely abolished GluA1 ubiquitination (4.5 Ϯ 0.61 for AMPA to 1.5 Ϯ 0.40 for Ca 2ϩ -free AMPA). These results indicate that the rapid ubiquitination of GluA1 in response to AMPA is dependent on the direct activation of AMPARs and requires external calcium entry into the neurons, most likely through voltage-gated calcium channels or sources other than NMDARs.
Ubiquitination of GluA1 C-terminal lysines regulates their surface accumulation and internalization Surface GluA1 contains three transmembrane loops and a C-terminal tail that are exposed to ubiquitination machinery inside the cell. Of these domains, only the C-tail contains lysine residues (at amino acids 813, 819, 822, and 868) that could serve as sites for ubiquitin attachment. Because AMPAinduced GluA1 ubiquitination consistently appears as multiple distinct bands (Figs. 1, 2 ) and the size of these bands is suggestive of GluA1 with three to four ubiquitins attached (supplemental Fig. 1 E, available at www.jneurosci.org as supplemental material), we hypothesized that GluA1 may be ubiquitinated at multiple sites. To explore this, we mutated the C-terminal tail lysine residues of GFP-tagged GluA1 (GluA1-WT) to arginine so they could no longer be ubiquitinated, creating GluA1-4KR (Fig. 3A) .
We next asked whether the loss of C-terminal ubiquitination sites would alter surface expression levels of GluA1. To do this, we expressed GFP-GluA1-WT or GluA1-4KR in mature hippocampal neurons using Sindbis virus as reported previously (Shi et al., 1999) . We limited Sindbis virus expression to ϳ18 -22 h to maintain cell viability. After infection, neurons were live labeled with anti-GFP Alexa Fluor 594 to visualize surface GluA1, permeabilized, and labeled with anti-GFP Alexa Fluor 488 to visualize internal GluA1 before imaging by confocal microscopy. We observed a significant increase in the intensity of surface GluA1-4KR compared with GluA1-WT in both the soma and dendrites of infected neurons (1 Ϯ 0.15 for GluA1-WT to 2.1 Ϯ 0.24 for GluA1-4KR in soma, 1 Ϯ 0.08 for GluA1-WT to 1.8 Ϯ 0.02 for GluA1-4KR in dendrites, *p Ͻ 0.001, unpaired Student's t test) (Fig. 3B) . We determined that this result was not attributable to increased insertion of newly synthesized proteins in the membrane by treating infected neurons with BFA. BFA is an antibiotic that inhibits intracellular protein transport by disrupting trafficking from the trans-Golgi complex. After BFA treatment (5 g/ml, 45 min), we observed that surface GluA1-4KR immunofluorescence was much more stable than GluA1-WT (1 Ϯ 0.08 for GluA1-WT to 0.5 Ϯ 0.07 for GluA1-WT ϩ BFA; 1 Ϯ 0.07 for GluA1-4KR to 0.8 Ϯ 0.10 for GluA1-4KR ϩ BFA) (supplemental Fig. 3A , available at www.jneurosci.org as supplemental material). These results are consistent with GluA1-4KR having increased surface levels as a result of decreased internalization and lysosomal degradation.
To explore whether GluA1-4KR undergoes normal activitymediated endocytosis, mature hippocampal neurons were infected with Sindbis GFP-tagged GluA1-WT or GluA1-4KR, live labeled with anti-GFP antibodies, and exposed to AMPA (100 M) or NMDA (25 M) for 10 min at 37°C. Cells were then fixed and exposed to unlabeled secondary antibodies to block any GFP antibody remaining on the cell surface before permeabilizing. Then, internalized pools of GluA1-WT or GluA1-4KR were labeled with Alexa Fluor 568-conjugated secondary antibody. As expected, both AMPA and NMDA significantly induced endocytosis of surface GluA1-WT in the soma and dendrites of infected neurons compared with control untreated neurons (1 Ϯ 0.14 for control to 2.5 Ϯ 0.57 for AMPA and 1.8 Ϯ 0.31 for NMDA in soma; 1 Ϯ 0.12 for control to 1.4 Ϯ 0.16 for AMPA and 1.4 Ϯ 0.15 for NMDA in dendrites) (Fig. 3C,D) . In contrast, AMPA-induced endocytosis was completely abolished for GluA1-4KR (1 Ϯ 0.14 for control to 0.8 Ϯ 0.21 for AMPA in soma; 1 Ϯ 0.11 for control to 0.8 Ϯ 0.14 in dendrites). However, GluA1-4KR was still significantly internalized in response to NMDA (1 Ϯ 0.14 for control to 2.0 Ϯ 0.27 for NMDA in soma; 1 Ϯ 0.11 for control to 1.3 Ϯ 0.10 in dendrites). Because NMDA-induced GluA1-4KR endocytosis was similar to GluA1-WT, this suggests that changing the C-terminal tail lysines to arginines did not affect the functionality of GluA1 or its ability to interact with proteins that assist in its internalization. These results indicate that ubiquitination at C-terminal lysines is needed for AMPAinduced but not NMDA-induced internalization of GluA1. Identification of Nedd4-1 as a candidate E3 ligase to mediate surface expression of AMPARs Nedd4-1 is an E3 ligase whose role in regulating protein trafficking in eukaryotic cells has been well studied (Rotin and Kumar, 2009) . In yeast, the homolog of Nedd4-1, Rsp5p, ubiquitinates Ste2p, a G-protein-coupled receptor, to mediate its endocytosis and endocytic sorting (Hicke and Dunn, 2003; Dupré et al., 2004) . Interestingly, the region of Ste2p targeted by Rsp5p for ubiquitination shares sequence similarity to the C-terminal tail of AMPARs, which suggested to us that Nedd4-1 may interact with AMPARs in mammalian neurons (Burbea et al., 2002) . Therefore, we tested whether Nedd4-1 was involved in regulating the trafficking of GluA1. GFP-tagged GluA1-WT and HA-tagged Nedd4-1 were cotransfected in HEK293T cells. Cells were live labeled with an anti-GFP antibody, permeabilized, labeled with an anti-HA antibody, and imaged by confocal microscopy. Coexpression of Nedd4-1 dramatically decreased surface GluA1 levels (1 Ϯ 0.08 for GluA1-WT to 0.3 Ϯ 0.03 for GluA1-WT ϩ Nedd4-1) (supplemental Fig. 4 A, B , available at www.jneurosci. org as supplemental material). Coexpression of GluA1 with other HECT domain ligases (Nedd4 -2 and E6-AP) as well as a RING finger ligase (Cbl) did not decrease surface GluA1 levels (supplemental Fig. 4 B, available at www.jneurosci.org as supplemental material). The ability of Nedd4-1 to reduce surface GluA1 levels required its ligase activity, because coexpression of a catalytically inactive version of Nedd4-1 (Nedd4-1 CS) did not decrease surface GluA1 levels (supplemental Fig. 4 A, B , available at www.jneurosci.org as supplemental material). Importantly, we found that Nedd4-1 had no effect on surface GluA1 populations when cotransfected with GluA1-4KR (supplemental Fig. 4 A, B , available at www.jneurosci.org as supplemental material). It also did not affect surface GluA2 levels when coexpressed (1 Ϯ 0.06 for GluA2 to 0.9 Ϯ 0.05 for GluA2 and Nedd4-1). Ubiquitination of surface GluA1-WT by Nedd4-1 was also confirmed biochemically. HEK293T cells were cotransfected with GFP-tagged GluA1-WT or GluA1-4KR, HA-tagged ubiquitin, and Nedd4-1. After 24 h, these cells were surface labeled with anti-GFP antibody, lysed, precipitated to isolate the antibody-labeled surface GluA1, and resolved by SDS-PAGE. HA-ubiquitin immunoreactivity occurred most abundantly when GluA1-WT was coexpressed with Nedd4-1, whereas GluA1-4KR showed minimal ubiquitination, even in the presence of Nedd4-1 (supplemental Fig. 4C , available at www.jneurosci.org as supplemental material). Together, these data suggest that Nedd4-1 targets GluA1 for internalization through ubiquitination of GluA1 C-terminal lysines.
We also observed a specific interaction between GluA1 and Nedd4-1 when coexpressed in HEK293T cells, although no interaction between Nedd4-1 and GluA2 or NR1 was observed (supplemental Fig. 4 D-F, H , available at www.jneurosci.org as supplemental material). Furthermore, GluA1 did not interact with a highly similar Nedd4 ligase family member, Nedd4-2 (supplemental Fig. 4G ,H, available at www.jneurosci.org as supplemental material). These observations suggest that an interaction between Nedd4-1 and GluA1 is specific and likely direct, because HECT ligases have been shown to interact directly with their targeted substrates. Additional evidence that endogenous GluA1 and Nedd4-1 interact in mature hippocampal neurons came from immunoprecipitation of Nedd4-1 from lysates of mature hippocampal tissue (Fig. 4 A) . When we resolved these IPs on Western blots and probed them with anti-GluA1 antibodies, we found GluA1 to be present in the Nedd4-1 precipitates. Similarly, when we immunoprecipitated GluA1 from mature hippocampal lysates, we found Nedd4-1 to be present in the GluA1 precipitates (Fig. 4 A) . Together, these results indicate that Nedd4-1 associates with GluA1, providing an opportunity for it to ubiquitinate and regulate the trafficking of GluA1-containing AMPARs in hippocampal neurons.
Overexpression of Nedd4-1 leads to loss of surface and synaptic GluA1-containing AMPARs Because overexpression of Nedd4-1 led to a significant decrease in surface GluA1 in HEK293T cells (supplemental Fig. 4 A, B , available at www.jneurosci.org as supplemental material) and Nedd4-1 associates with AMPARs in hippocampal neurons (Fig.  4 A) , we reasoned that overexpression of Nedd4-1 in hippocampal neurons would diminish surface AMPAR populations in those neurons. Neurons, at DIV15-18, were infected with Sindbis virus expressing either GFP alone (control) or coexpressing GFP with HA-tagged Nedd4-1. Infection time was limited to 18 -22 h to limit cell toxicity. Cells were then labeled with antibodies directed against surface GluA1, permeabilized, and labeled with anti-HA antibodies to detect Nedd4-1-positive cells. Compared with uninfected neurons or GFP-control cells, neurons expressing HA-Nedd4-1 showed a significant loss in surface GluA1 immunofluorescence from the dendritic plasma membrane (1 Ϯ 0.03 for GFP, 0.7 Ϯ 0.03 for Nedd4-1, *p Ͻ 0.001, unpaired Student's t test), indicating that increased expression of Nedd4-1 decreased surface populations of GluA1-containing AMPARs (Fig. 4 B) (supplemental Fig. 5B , available at www.jneurosci.org as supplemental material). We demonstrated that this result was not caused by increased insertion of newly synthesized receptors by treating infected hippocampal neurons with BFA (5 g/ml, 45 min) (supplemental Fig. 3B , available at www.jneurosci.org as supplemental material). After BFA treatment, there was a significant loss in surface GluA1 immunofluorescence in control neurons (1 Ϯ 0.05 for GFP to 0.7 Ϯ 0.04 for GFP ϩ BFA). Untreated Nedd4-1-infected neurons had less surface GluA1 than control neurons, as expected (1 Ϯ 0.05 for GFP to 0.7 Ϯ 0.04 for Nedd4-1). After BFA treatment, however, there was an even larger decrease in surface GluA1 immunofluorescence (0.7 Ϯ 0.04 for Nedd4-1 to 0.5 Ϯ 0.05 for Nedd4-1 ϩ BFA). This suggests that overexpression of Nedd4-1 leads to increased endocytosis or decreased recycling of GluA1-containing AMPARs. This loss was specific to Nedd4-1 because overexpression of another HECT ligase, E6-AP, did not change surface GluA1 levels (supplemental Fig. 5 A, B , available at www.jneurosci.org as supplemental material).
To determine whether the Nedd4-1-induced decrease in surface AMPARs affected synaptic AMPARs, we recorded spontaneous mEPSCs from GFP (control) or Nedd4-1-infected neurons. We observed a significant decrease in mEPSC amplitude in neurons expressing Nedd4-1 compared with control neurons (23.4 Ϯ 1.4 pA for GFP, 17.6 Ϯ 1.3 pA for Nedd4-1) (Fig. 4C--F ) , whereas the mEPSC frequency was not significantly different between conditions (0.69 Ϯ 0.24 s interevent interval for GFP, 0.59 Ϯ 0.15 s for Nedd4-1) (Fig. 4G) . Also, mEPSC amplitude recordings from neurons infected with Nedd4-1 CS were unchanged from control neurons (supplemental Fig. 5C , available at www.jneurosci.org as supplemental material). We confirmed similar expression of HA-Nedd4-1-WT and Nedd4-1 CS in infected neurons by immunostaining infected neurons with anti-HA antibodies (supplemental Fig. 5D , available at www. jneurosci.org as supplemental material). Additionally, we observed that mEPSC event onset and decay kinetics were slower in Nedd4-1-expressing cells (10 -90% slope of mEPSC onset: 22.5 Ϯ 2.4 and 15.0 Ϯ 2.1 pA/ms for GFP-and Nedd4-1-expressing cells, respectively, mean Ϯ SEM, p ϭ 0.04, t test; single-exponential decay constant: 6.7 Ϯ 0.64 and 8.5 Ϯ 0.84 ms for GFP-and Nedd4-1-expressing cells, respectively, mean Ϯ SEM, p ϭ 0.11, t test). This is consistent with a predicted increase in NMDAR-to AMPAR-mediated transmission at synapses attributable to a decrease in synaptic AMPARs resulting from overexpression of Nedd4-1. Together, these data suggest that overexpression of Nedd4-1 in hippocampal neurons causes a decrease in surface AMPAR populations that includes synaptic AMPARs.
Because our data suggest that GluA1 ubiquitination mediates AMPAR trafficking to the lysosome, we hypothesized that overexpression of Nedd4-1 may cause increased trafficking of surface AMPARs to the lysosome. To test this, we briefly surface labeled hippocampal neurons with anti-GluA1 antibodies before the addition of GFP-or Nedd4-1-expressing Sindbis virus. To one set of infected neurons, we also applied leupeptin (200 g/ml) to block lysosomal degradation. After 18 -22 h, we fixed the neurons, blocked any remaining surface GluA1 antibody with unconjugated secondary antibodies, permeabilized the cells, and labeled the population of internalized GluA1. GFP-expressing neurons, with or without leupeptin, showed minimal levels of internalized GluA1 immunofluorescence (Fig. 5 A, B) . However, in neurons expressing Nedd4-1 in which lysosomal degradation was inhibited by leupeptin, there was a dramatic accumulation of internalized GluA1 in both the soma and dendrites. This accumulation did not occur in Nedd4-1-infected neurons if leupeptin was not added (1.8 Ϯ 0.18 for Nedd4-1 ϩ leupeptin to 1 Ϯ 0.13 for control, 1 Ϯ 0.07 for control ϩ leupeptin, and 0.9 Ϯ 0.10 for Nedd4-1). A significant portion of internalized GluA1 puncta colocalized with late endosomal/lysosomal compartments, visualized with anti-Lamp1 antibodies, in Nedd4-1-expressing neurons when compared with control neurons (2.8 Ϯ 0.45 for Nedd4-1 ϩ leupeptin to 1 Ϯ 0.22 for control ϩ leupeptin and 0.9 Ϯ 0.12 for Nedd4-1 ϩ leupeptin with random Lamp1 signal) (Fig. 5C ). These results indicate that expression of Nedd4-1 in hippocampal neurons targets endogenous AMPARs to late endosomal/lysosomal compartments.
Loss of Nedd4-1 inhibits AMPA-mediated but not NMDA-mediated endocytosis of GluA1-containing AMPARs
We additionally explored the function of Nedd4-1 in regulating GluA1 endocytosis and endocytic sorting by examining the effects of RNAi-mediated knockdown of Nedd4-1 in mature hippocampal neurons. We designed an shRNA directed against Nedd4-1 that sufficiently knocked down expression of Nedd4-1 Figure 4 . Nedd4-1 interacts with and regulates surface expression of GluA1. A, Nedd4-1 (N4-1) or GluA1 was isolated via IP with anti-Nedd4-1 or anti-GluA1 antibodies from mature hippocampal tissue. IPs were resolved by Western blot and probed with anti-GluA1 or anti-Nedd4-1 antibodies. IPs were repeated three times. B, Representative images of neuronal cultures infected with GFP virus or GFP and HA-Nedd4-1 virus and surface labeled with anti-GluA1 antibodies. Quantification of surface GluA1 intensity in dendrites of infected neurons was performed. n ϭ 50 cells for control, n ϭ 65 cells for Nedd4-1, over 6 experiments. Scale bars: whole-cell images, 10 m; straightened dendrites, 5 m. C, Representative image of a neuron expressing GFP and Nedd4-1 during mEPSC recording. D, Example mEPSC traces recorded from GFP-infected (control) or Nedd4-1-infected neurons. E, Quantification of event amplitudes averaged over all neurons expressing either GFP (control) or Nedd4-1. *p Ͻ 0.005, unpaired Student's t test. F, Cumulative histogram of event amplitudes for GFP (control) or Nedd4-1 neurons. G, Quantification of event frequencies averaged over all neurons expressing GFP (control) or Nedd4-1. n ϭ 21 cells for control, n ϭ 19 cells for Nedd4-1 over 6 experiments. Error bars indicate SEM.
protein compared with scramble or empty vector controls (Fig.  6 A) . We also generated a version of Nedd4-1, called Nedd4-1resist, that was resistant to RNAi-mediated knockdown. Nedd4-1resist also contained a T7 tag that was used to confirm its expression in cells. Neurons were transfected at DIV10 with a control vector (pSuper-GFP or pSuper-Scramble) or Nedd4-1 shRNA (pSuper-RNAi). After 4 -5 d of expression, neurons were labeled with antibodies specific to surface GluA1, imaged by confocal microscopy, and analyzed for any changes in surface GluA1 populations. We observed no change in surface GluA1 immunofluorescence or synaptic GluA1 levels detected by mEPSC recordings (data not shown). Our previous findings suggested, however, that ubiquitination of GluA1 occurs under conditions when GluA1-containing AMPARs are directly activated and endocytosis is induced. Therefore, we hypothesized that loss of Nedd4-1 may prevent the internalization of AMPARs in response to AMPA. To test this, we examined AMPA-induced internalization of AMPARs in control and Nedd4-1 shRNA-expressing hippocampal neurons. As expected, AMPA produced robust internalization of GluA1 in control neurons (1 Ϯ 0.10 for control to 1.6 Ϯ 0.19 for control ϩ AMPA) (Fig. 6 B, C) . In contrast, Nedd4-1 shRNAexpressing neurons showed a significant inhibition of AMPAinduced AMPAR internalization (0.7 Ϯ 0.12 for RNAi and 0.5 Ϯ 0.07 for RNAi ϩ AMPA). Strikingly, RNAi-expressing neurons were still able to internalize GluA1 in response to NMDA at levels similar to control neurons exposed to NMDA (1 Ϯ 0.10 for RNAi to 1.3 Ϯ 0.10 for RNAi ϩ NMDA and 1.4 Ϯ 0.10 for control ϩ NMDA) (Fig. 6 B, D) . Importantly, coexpression of pSuper-RNAi with Nedd4-1resist rescued the ability of the neurons to endocytose GluA1-containing AMPARs in response to AMPA (1 Ϯ 0.12 for Nedd4-1resist to 1.4 Ϯ 0.16 for Nedd4-1resist ϩ AMPA,*p Ͻ 0.05, unpaired Student's t test) (Fig. 6 B) . This indicates that Nedd4-1 mediates AMPAR internalization after direct AMPAR activation but is not required for NMDA-dependent endocytosis and suggests that Nedd4-1 is crucial for mediating AMPAR internalization and trafficking to the lysosome.
To further confirm a direct role for Nedd4-1 in AMPA-mediated GluA1 ubiquitination, we created a lentivirus expressing Nedd4-1 RNAi, which allowed us to knock down endogenous Nedd4-1 expression in large populations of dissociated neuron cultures. The virus also expressed GFP to allow for identification of infected neurons. We infected neurons at DIV9 with Nedd4-1 RNAi lentivirus or lentivirus expressing GFP alone as a control. At DIV14, neurons were treated with AMPA (100 M, 10 min) and lysed, and GluA1 was isolated by immunoprecipitation (Fig. 7 A, B) . Whereas AMPA induced significant ubiquitination of GluA1 in DIV14 control neurons as observed previously (Fig. 1) , ubiquitination of GluA1 was completely abolished in cultures lacking Nedd4-1 (3.0 Ϯ 0.4 for DIV14 AMPA to 1 Ϯ 0.2 for DIV14 control and 1.3 Ϯ 0.4 for DIV14 RNAi ϩ AMPA). While performing these experiments, we observed that, in older neurons (DIV35), GluA1 was significantly ubiquitinated under control conditions, at levels similar to ubiquitination of GluA1 induced by application of AMPA in younger neurons (3.4 Ϯ 1 for DIV35 control and 2.8 Ϯ 0.7 for DIV35 AMPA to 3.0 Ϯ 0.4 for DIV14 AMPA). Furthermore, this increase in GluA1 ubiquitination in older neurons was still dependent on the presence of Nedd4-1, because loss of Nedd4-1 as a result of expression of Nedd4-1 RNAi lentivirus for 5 d resulted in significantly decreased GluA1 ubiquitination levels similar to that of younger untreated neurons (1.0 Ϯ 0.3 for DIV35 RNAi ϩ AMPA to 1 Ϯ 0.2 for DIV14 control). These results suggest that factors, such as increased AMPAR activation or Nedd4-1 ligase activity, may change in neurons as they age, resulting in increased Nedd4-1-mediated AMPAR ubiquitination.
Discussion
In this study, we have reported that direct activation of GluA1-containing AMPARs induces their ubiquitination. This process is not dependent on NMDAR activation but does require calcium. Ubiquitination occurs on C-terminal lysines of GluA1 and is mediated by the E3 ligase Nedd4-1. Ubiquitination at these sites mediates the endocytosis and lysosomal trafficking of GluA1- containing AMPARs but may not be required for their endocytosis and recycling back to the plasma membrane (Fig. 8) .
Although our data show that ubiquitination of GluA1 by Nedd4-1 is required for its endocytosis under specific conditions, it is likely that other proteins assist in this process. Indeed, in many eukaryotic cell types, the interaction between ubiquitination and clathrin machinery is a well studied and common occurrence in the regulation of endocytosis and sorting of proteins (Traub, 2009) . Ubiquitinated receptors can be recruited to clathrin-coated pits via interactions with the adaptor proteins epsin and eps15 (Traub and Lukacs, 2007) . Also, ubiquitination of receptors may aid their interaction with the adaptor protein AP2 . Both epsin and AP2 have characterized roles in neurons for regulating protein endocytosis (Carroll et al., 1999; Lee et al., 2002; Sorkina et al., 2006; Jakobsson et al., 2008) . Furthermore, GLR-1, the Caenorhabditis elegans homolog of GluA1, has been shown to undergo ubiquitination and removal from the synapse in manner dependent on the clathrin adaptor protein AP180 (Burbea et al., 2002) . However, it is also intriguing to speculate that distinct machinery could regulate ubiquitindependent and -independent AMPAR internalization. Indeed, this phenomenon has been observed for the epidermal growth factor receptor (EGFR). Depending on the level of ligand exposure and receptor activation, EGFRs can undergo varying amounts of ubiquitination which differentially regulate their entrance into clathrin-dependent or independent endocytosis pathways (Sigismund et al., 2005) . It is interesting to hypothesize that the relative activation of AMPARs and NMDARs could differentially recruit clathrin and ubiquitination machinery to regulate the specificity of endocytosis and endocytic sorting of AMPARs.
Our studies are the first to show that GluA1-containing AMPARs undergo ubiquitination in mature hippocampal neurons, and, through multiple experiments, we have identified Nedd4-1 as the E3 ligase responsible for mediating GluA1 endocytosis and sorting to the lysosome. Interestingly, two other studies have shown recently that Nedd4-1 is crucial for neuronal development (Drinjakovic et al.; Kawabe et al., 2010) . Specifically, Kawabe et al. (2010) created both a traditional and conditional Nedd4-1 knock-out mouse to identify that Nedd4-1, the serine/threonine kinase TNIK, and Rap2A form a complex to mediate Rap2A ubiquitination and ultimately dendrite formation. They also showed that loss of Nedd4-1 in these mice did not cause a change in surface AMPAR expression, measured via immunofluorescence and electrophysiology of autaptic neurons. Although this may seem contradictory to our results, we also observed that surface AMPAR levels were unchanged in neurons lacking Nedd4-1 under control conditions (data not shown). Most likely, this is because, although AMPARs are unable to internalize and traffic to the lysosome without Nedd4-1, they are still able to internalize and recycle back to the plasma membrane. Furthermore, several key differences in the methodologies of Kawabe et al. (2010) and our experiments strongly suggest that we have uncovered a distinct and novel role for Nedd4-1 in mature hippocampal neurons that may be unrelated to their findings. A significant difference is that Kawabe et al. focused on the role of Nedd4-1 very early in neuronal development, whereas we examined the role of Nedd4-1 in mature neurons. Indeed, Nedd4-1 expression is highly upregulated during nervous system development before stabilizing to moderate levels in mature neurons, suggesting that its role in neurons may change over time (Kumar et al., 1997; Kamynina et al., 2001 ). In addition, several neuronal proteins have already been identified as Nedd4-1 targets, again indicating that Nedd4-1 most likely has several distinct roles in neurons (Liu et al., 2009; Kwak et al., 2010) . In fact, Kawabe et al. show that Nedd4-1 associates with TNIK and Rap2A in the perinuclear region of neurons and that these three proteins cosegregate with the Golgi and endoplasmic reticulum. However, our studies identify a role for Nedd4-1 in mediating AMPAR endocytosis from the plasma membrane of the soma and dendrites of neurons, in support of our findings that Nedd4-1 is important for balancing surface and synaptic AMPAR populations in mature neurons. These differences point out the interesting possibility that Nedd4-1 has not only temporal and substrate specificity but possibly even spatially distinct roles in neurons.
Based on our findings and previous work exploring the activity-dependent sorting of AMPARs, we hypothesize that the relative activation of NMDARs and AMPARs can differentially lead to the recruitment of phosphorylation or ubiquitination machinery that determine the fate of internalized AMPARs (Ehlers, 2000) . This is an especially appealing hypothesis because the activity of Nedd4-1 and its recruitment to the plasma membrane has been found to be regulated by Ca 2ϩ in non-neuronal eukaryotic cells (Plant et al., 1997; Wang et al., 2010) . Specifically, Nedd4-1 contains a C2 domain that was first identified in Ca 2ϩ -sensitive isoforms of PKC and has also been shown to be important for the function of the neuronal protein synaptotagmin. C2 domains are thought to be "calcium sensors" that can regulate the activity of a protein and assist in its binding to lipids in a calciumdependent manner (Lemmon, 2008) . Therefore, it is plausible that Nedd4-1 may be recruited to ubiquitinate GluA1 during specific Ca 2ϩ -dependent signaling events in neurons. If and how Nedd4-1 is activated by Ca 2ϩ in neurons is completely unknown, but future experiments exploring this phenomenon would be of great interest.
Our results indicate that AMPA-mediated ubiquitination and lysosomal degradation occur to a population of surface GluA1-containing AMPARs when directly activated by agonist. Meanwhile, ubiquitination machinery is not recruited by rapid NMDAR activation, which stimulates a fast, but reversible, removal of synaptic AMPARs. The mechanisms described in this study provide new insight into how neurons simultaneously and discretely regulate the endocytosis, recycling, and degradation of Figure 7 . Ubiquitination of GluA1-containing AMPARs is upregulated in aged neurons but blocked by loss of Nedd4-1. A, Dissociated neuronal cultures (DIV14 or DIV35) infected with lentivirus expressing GFP or GFP and Nedd4-1 (N4) RNAi for 5 d were treated with AMPA (100 M, 10 min) or left untreated before immunoprecipitation of resulting lysates with anti-GluA1 antibodies. IPs were resolved by Western blot and probed with antiubiquitin antibodies and antibodies against GluA1 to confirm equal levels of protein in each IP. Lysates were also resolved and probed with anti-Nedd4-1 and anti-actin antibodies to confirm Nedd4-1-specific knockdown. B, Quantification of mean ubiquitin intensity for each IP. n ϭ 4 -6 IPs for each condition. *p Ͻ 0.05, ANOVA with Tukey's post hoc test. Error bars indicate SEM. Figure 8 . Model for ubiquitin-mediated endocytic trafficking of AMPARs. 1A, A distinct endocytosis/lysosomal sorting pathway that is dependent on ubiquitination can be stimulated by direct activation of AMPARs with the agonist AMPA and may be upregulated as neurons mature. Application of AMPA causes an influx of calcium into hippocampal neurons that may activate the E3 ligase Nedd4-1 to ubiquitinate GluA1-containing AMPARs. 1B, Ubiquitination of GluA1-containing AMPARs mediates their trafficking to the lysosome and eventual degradation. 2A, AMPARs can be recruited to a separate endocytosis/ recycling pathway during exposure to NMDA that is not ubiquitin dependent. 2B, Application of NMDA causes GluA1 to become dephosphorylated at serine 845 and internalized. 2C, If GluA1 is rephosphorylated at serine 845 by PKA, it is trafficked to recycling endosomes and returned to the plasma membrane (Ehlers, 2000) . A, AMPA; N4-1, Nedd4-1; N, NMDA; PP, phosphatase; Ub, ubiquitin.
AMPARs. The amount of ubiquitinated AMPARs we were able to detect in our experiments was distinct but small compared with total AMPAR populations in hippocampal neurons (Fig. 1 ) (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). Detection of ubiquitinated proteins is challenging because ubiquitination itself is a rapid and reversible process (Hershko and Ciechanover, 1998) . Therefore, it is possible that the amount of ubiquitinated GluA1 visible by Western blot in our experiments is an under-representation of ubiquitinated AMPAR populations in neurons. Furthermore, our data suggest that surface AMPARs are targeted for ubiquitination, and it has been reported that only 15-20% of total AMPARs in hippocampal neurons reside at the plasma membrane (Shi et al., 1999) . In addition, many of these surface AMPARs are recycled back to the plasma membrane in a presumably ubiquitin-independent process, suggesting that AMPAR ubiquitination and lysosomal trafficking may only occur to small populations of AMPARs at any given time (Ehlers, 2000) . However, we observed that ubiquitination of AMPARs under basal conditions increased as neurons matured. These results suggest that, as time passes, factors, such as increased activation of AMPARs or increased Nedd4-1 activity, may change in neurons that cause increased endocytosis and lysosomal degradation of AMPARs. In this regard, the findings presented here may be of interest with relation to other studies focusing on the molecular mechanisms of age-associated neurodegenerative diseases such as Alzheimer's disease, in which both increases in AMPAR internalization and lysosomal dysfunction have separately been implicated (Hsieh et al., 2006; Shepherd and Huganir, 2007; Nixon et al., 2008) . Indeed, additional research focusing on the circumstances under which AMPAR ubiquitination occurs will likely provide important insight into our understanding of synaptic function under normal and diseased conditions in neurons.
